Abstract-It was recently reported that the slow transient outward K ϩ current,
T wo types of voltage-gated K
ϩ channel currents, transient outward K ϩ currents (I to ) and delayed rectifier K ϩ currents (I K ), have been distinguished in most cardiac cell types. 1, 2 These are broad classifications, and it is now clear that there are at least 2 types of I to , referred to as I to, f and I to, s , and multiple components of I K , including I Kr , I Ks , and I Kur . [1] [2] [3] [4] [5] [6] [7] [8] The relative expression levels of I to, f , I to, s , I Kr , I Ks , and I Kur vary in different cell types and regions [3] [4] [5] [6] [7] [8] and contribute to the regional heterogeneity in action potential waveforms evident in the mammalian heart. 9 In addition, numerous studies have demonstrated that the individual components of I to and I K are differentially regulated during normal heart development and in a variety of cardiovascular disease states. 10 -13 Attenuation of I to in the hypertrophied heart, for example, likely contributes to action potential prolongation and to the generation or propagation of arrhythmias. 11, 12 There is, therefore, considerable interest in defining the molecular correlates of cardiac I to and I K , as well as in determining the functional roles of these channels in the physiology and pathophysiology of the heart. I to, f is expressed in a number of cardiac cell types, and the biophysical properties of I to, f are similar in that activation, inactivation, and recovery from inactivation are all rapid. [1] [2] [3] [4] [5] [6] Recently, a distinct I to, s has also been identified in a number of cardiac cell types. [3] [4] [5] [6] I to, s differs from I to, f in that the rates of inactivation and recovery are significantly slower. [3] [4] [5] [6] In addition, I to, f is blocked by nanomolar concentrations of the Heteropoda toxins, whereas I to, s is unaffected by these toxins. 4, 5 I to, f and I to, s are also differentially distributed in the ventricles; I to, f density, for example, is high in left ventricular epicardial (human 3 and ferret 4 ) and apical (mouse 5 ) cells, whereas I to, s is expressed in left ventricular endocardial (human 3 and ferret 4 ) and septal (mouse 5 and rat 6 ) cells. The differential expression of I to, f and I to, s contributes to regional heterogeneities in ventricular repolarization. 9 Recently, it was reported that I to, f is eliminated in all ventricular and atrial myocytes isolated from transgenic mice expressing a dominant-negative Kv4 ␣ subunit, Kv4.2W362F, thereby directly demonstrating that Kv4 ␣ subunits underlie mouse I to, f . 14, 15 Although action potentials and QT intervals are markedly prolonged in Kv4.2W362F-expressing transgenic animals, these animals do not display spontaneous atrial or ventricular arrhythmias. 14, 15 In ventricular myocytes isolated from mice with a targeted deletion of the Kv1.4 gene (Kv1.4 Ϫ/Ϫ ), 16 in contrast, I to, s is selectively eliminated. 17 Whole-cell voltage-clamp recordings also revealed the presence of a slow transient outward K ϩ current in Kv4.2W362F-expressing mouse left ventricular apex (LVA) cells that is similar to I to, s in wild-type mouse left ventricular septum (LVS) cells. 17 This observation suggested that electrical remodeling occurs in the LVA when I to, f is eliminated, an effect that may underlie the finding that Kv4.2W362F-expressing animals are not arrhythmogenic. In addition, Kv1.4 protein expression is increased in Kv4.2W362F-expressing ventricles, 17 Ϫ/Ϫ mice, although there is no evidence of structural abnormalities or contractile dysfunction in the hearts of these animals.
Materials and Methods
An expanded online Materials and Methods section containing details of the generation of the Kv4.2W362FϫKv1.4
Ϫ/Ϫ mice, reverse transcriptase-polymerase chain reaction (RT-PCR), Western blot analysis, histological and echocardiographic assessments, and electrophysiological recordings are available at http:// www.circresaha.org. Animals used in the present study were handled in accordance with guidelines published in the Guide for the Care and Use of Laboratory Animals (US National Institutes of Health). As illustrated in Figure 1A , RT-PCR analysis revealed that the Kv1.4 mRNA is readily detected in the LVA and LVS of adult wild-type and Kv4.2W362F-expressing mice. As expected, no Kv1.4 message is detected in LVA or LVS of the Kv1.4 Ϫ/Ϫ animals. Western blot analysis of fractionated LVA and LVS membrane proteins (50 g) prepared from wildtype animals revealed that the 97-kDa Kv1.4 protein is readily detected in both samples, although the protein appears to be more abundant in LVS ( Figure 1B On gross examination, there were no obvious differences noted when adult wild-type, Kv4.2W362F-expressing, and Kv4.2W362FϫKv1.4 Ϫ/Ϫ mice (Figure 2A ) or the hearts isolated from these animals ( Figure 2B ) were compared. MeanϮSEM heart weight-to-body weight ratios (mg/g), for example, were 3.9Ϯ0.2 for adult wild-type (nϭ6), 3.8Ϯ0.4 for Kv4.2W362F-expressing (nϭ4), and 4.1Ϯ0.2 for Kv4.2W362FϫKv1.4
Results

Kv1.4 Expression in
Ϫ/Ϫ (nϭ5) animals, respectively. As illustrated in Figures 2C through 2H , longitudinal hematoxylin and eosin-stained paraffin sections of hearts isolated from Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals are indistinguishable from those prepared from wild-type and Kv4.2W362F-expressing hearts, and there was no evidence of fibrosis or myofibrillar disarray. In addition, echocardiographic assessment (M mode) revealed no evidence of left ventricular hypertrophy, chamber dilation, or contractile dysfunction in the Kv4.2W362F-expressing, the Kv4.2W362FϫKv1.4 Ϫ/Ϫ , or the Kv1.4
Ϫ/Ϫ animals (see Table 1 online; available at http://www.circresaha.org). These observations are in sharp contrast to the findings recently reported by Wickenden et al 18 in transgenic mice expressing a truncation mutant of Kv4.2 ␣ subunit (Kv4.2N) that functions as a dominant negative. In addition to attenuation of I to, f , Kv4.2N expression results in dilated cardiomyopathy in adult animals. 18 The fact that there is no evidence of structural abnormalities or contractile dysfunction in the Kv4.2W362F-expressing and/or the Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals suggests that the dramatic phenotype seen in the Kv4.2N-expressing mice is unrelated to the loss of I to, f (see Discussion). 
Mouse Ventricular Myocytes
To assess the functional consequences of the expression of Kv4.2W362F and the deletion of Kv1.4, whole-cell voltageclamp recordings were obtained from myocytes isolated from the right ventricular free wall (RV), LVA, and LVS of adult Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals and compared with those from wild-type and Kv4.2W362F-expressing animals. As illustrated in Figure 3A , peak outward K ϩ current densities recorded at room temperature from wild-type RV and LVA cells are markedly higher than those of LVS cells. In addition, in RV and LVA cells, the decay phases of the outward K ϩ currents evoked during 4-second depolarizations were well fitted by the sum of 2 exponentials, consistent with the expression of I to, f , I K, slow , and the steady-state noninactivating current (I SS ). 5,17,19 -21 I to, s is not detectable in either RV or LVA cells. As reported previously, 5, 17 in the majority (Ϸ80%) of wild-type LVS cells ( Figure 3A) , the decay phases of outward K ϩ currents were well described by the sum of 3 exponentials, reflecting the presence of I to, f , I to, s , I K, slow , and I SS .
Similar to the findings in left ventricular myocytes, 14,17 peak outward K ϩ currents are reduced and I to, f is selectively eliminated in RV cells isolated from the Kv4.2W362F-expressing animals ( Figure 3B ). As in LVA cells, 17 analysis of the decay phases of the outward currents recorded (at room temperature) from Kv4.2W362F-expressing RV cells also revealed the presence of a slow transient outward K ϩ current with decay (at ϩ40 mV) of 214Ϯ29 ms (nϭ14). The kinetic and pharmacological properties of this slow transient outward K ϩ current in Kv4.2W362F-expressing RV and LVA cells are indistinguishable, and both are similar to I to, s in wild-type LVS cells. 5, 17 Because Kv1.4 has been shown to underlie I to, s in mouse LVS cells, 17 these observations suggested that Kv1.4 upregulation underlies the appearance of this current in Kv4.2W362F-expressing RV and LVA cells. To test this hypothesis directly, the Kv4.2W362F-expressing animals were crossed with the Kv1.4
Ϫ/Ϫ animals to produce mice expressing the Kv4.2W362F transgene in the Kv1.4
Ϫ/Ϫ background. Whole-cell voltage-clamp recordings revealed that peak outward K ϩ current densities are substantially lower in RV, LVA, and LVS cells isolated from Kv4.2W362Fϫ Kv1.4
Ϫ/Ϫ mice, compared with the currents recorded from Kv4.2W362F-expressing or wild-type cells (see Table 2 online; available at http://www.circresaha.org). In addition, as is evident in Figure 3C , the waveforms and the densities of the depolarization-activated outward K ϩ currents in Kv4.2W362FϫKv1.4
Ϫ/Ϫ RV, LVA, and LVS cells are remarkably similar. In all LVS cells (nϭ18) and in the majority of RV (13 of 16) and LVA (23 of 28) cells studied, the decay phases of the outward currents were well described by a single exponential with a meanϮSEM decay (at ϩ40 mV) of 1308Ϯ63 ms (nϭ54), consistent with the expression of I K, slow and I SS . The densities of I K, slow and I SS in Kv4.2W362Fϫ Kv1.4
Ϫ/Ϫ cells are not significantly different from those in wild-type and Kv4.2W362F-expressing cells (see Table 2 online; available at http://www.circresaha.org).
Although results similar to those illustrated in Figure 3C were obtained in the majority (Ϸ80%) of Kv4.2W362Fϫ Kv1.4
Ϫ/Ϫ RV and LVA cells examined, a slow transient outward K ϩ current ( decay ϭ202Ϯ31 ms at ϩ40 mV) was evident in 3 (of the 16) RV and in 5 (of the 28) LVA cells. The meanϮSEM densities of this current in these (RV and LVA) cells were 8.4Ϯ2.7 pA/pF and 10.9Ϯ2.1 pA/pF (at ϩ40 mV), respectively. These findings suggest that a distinct Kv ␣ subunit (other than Kv1.4) is upregulated either in some (Ϸ20%) Kv4.2W362F-expressing RV and LVA cells or, alternatively, in a subset of RV and LVA cells in Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals (see Discussion). Ϫ/Ϫ mice. From a holding potential of Ϫ70 mV, currents were evoked during 4-second depolarizing voltage steps to potentials between Ϫ40 and ϩ40 mV presented at 10-second intervals. As is evident in panel B, I to, f is absent, and a slow transient outward K ϩ current is present in Kv4.2W362F-expressing RV and LVA cells. Consistent with the elimination of both I to, f and I to, s , peak outward K ϩ current amplitudes are lower and current decay is slowed in Kv4.2W362FϫKv1.4
Ϫ/Ϫ cells (C).
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Outward K ؉ Current Waveforms in Mouse Ventricular Myocytes at Physiological Temperature
To facilitate comparison of the single-cell electrophysiological data with the findings in intact animals (see below), depolarization-activated outward K ϩ currents were further examined at physiological temperature. As illustrated in Figure 4A , when whole-cell recordings were obtained at 35°C, the rates of outward current decay in wild-type LVA cells are markedly accelerated compared with currents recorded at 25°C ( Figure 4C ). The decay phases of the outward K ϩ currents recorded at 35°C in wild-type LVA cells are also well described by the sum of 2 exponentials with meanϮSEM decay (at ϩ40 mV) of 30Ϯ3 ms for I to, f and 337Ϯ29 ms for I K, slow (nϭ10), values that are 2 to 3 times faster than those determined at 25°C. In addition, the contribution of I K, slow to the peak outward K ϩ currents is increased at 35°C. The increased I K, slow is further evident in experiments in which cells were exposed to 50 mol/L 4-aminopyridine (4-AP), a concentration shown previously to selectively attenuate I K, slow . 5,17,19 -21 As illustrated in Figure 4A , exposure of wild-type LVA cells to 50 mol/L 4-AP at 35°C essentially eliminates I K, slow . The density of 50 mol/L 4-AP-sensitive currents (I K, slow ) at 35°C ( Figure 4B ) is significantly higher than at 25°C ( Figure 4D ). In addition, in some wild-type LVA cells examined at room temperature, I to, f is also partially blocked by 50 mol/L 4-AP ( Figure 4D ). The ratio of current densities (at ϩ40 mV) in wild-type LVA cells is, on average, 4.5:4.5:1 for I to, f , I K, slow , and I SS , respectively, at 35°C, compared with 6:3:1 at room temperature.
Whole-cell voltage-clamp recordings were also obtained at 35°C from LVA cells isolated from Kv4.2W362F-expressing and Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals and were compared with those routinely recorded at 25°C. As with the wild-type cells, the main differences between the records obtained at these 2 recording temperatures are that the rates of outward K ϩ current decay are greater at 35°C than at 25°C and that I K, slow densities are increased significantly at 35°C (Figure 4) . Importantly, at 35°C, as at 25°C, no I to, s was detected in the majority (8 of 10) of Kv4.2W362Fϫ Kv1.4
Ϫ/Ϫ (LVA) cells when I K, slow was selectively blocked by 50 mol/L 4-AP ( Figures 4A and 4C ).
Action Potentials Are Prolonged and Early Afterdepolarizations Are Evident in Kv4.2W362F؋Kv1.4 ؊/؊ Ventricular Myocytes
To determine the effects of elimination of (the upregulated) I to, s and I to, f on action potential waveforms in Kv4. 2W362FϫKv1.4 Ϫ/Ϫ LVA cells, current-clamp recordings in these cells were examined and compared with those recorded from wild-type and Kv4.2W362F-expressing animals. Experiments were completed at 25°C and 35°C, as well as at different pacing rates. As illustrated in Figure 5 , action potentials recorded at 35°C are significantly briefer than those recorded at 25°C. In addition, at both 25°C and 35°C, action potentials recorded at 1 Hz from Kv4.2W362Fϫ Kv1.4 Ϫ/Ϫ LVA cells ( Figure 5C ) are substantially broader than those recorded from wild-type ( Figure 5A ) or Kv4.2W362F-expressing ( Figure 5B ) LVA cells. When action potentials were examined at higher stimulation frequencies, ie, at 3 Hz (25°C) or at 10 Hz (35°C), the action potential prolongation evident in Kv4.2W362FϫKv1.4 Ϫ/Ϫ LVA cells was even more pronounced (Table) . Interestingly, early afterdepolarizations were observed in 3 of 15 and 3 of 12 Kv4.2W362FϫKv1.4
Ϫ/Ϫ LVA cells recorded at 1 and 3 Hz, respectively, at 25°C ( Figure 5C ), whereas early afterdepo- As is evident, the rate of current decay is markedly accelerated and the contribution of I K, slow to the peak outward currents is increased at 35°C, compared with currents recorded at 25°C. In all cells, 50 mol/L 4-AP selectively blocks I K, slow (by Ϸ80%). In the presence of 50 mol/L 4-AP, I to, s is clearly evident in Kv4.2W362F-expressing cells but is undetectable in Kv4.2W362FϫKv1.4
Ϫ/Ϫ cells. To determine the functional consequences of elimination of I to, f and I to, s , in vivo telemetric ECG recordings were obtained from Kv4.2W362FϫKv1.4 Ϫ/Ϫ animals. As is evident in Figure 6A , in adult wild-type mice, much of the ventricular repolarization process (J junction-S-T segment-T wave complex) is truncated as a large transient repolarizing wave that appears as an rЈ wave at the end of QRS wave. As reported previously, 14 QT intervals are longer in Kv4.2W362F-expressing animals ( Figure 6C ) than in wild-type animals. In contrast, QT intervals in the Kv1.4 Ϫ/Ϫ animals ( Figure 6B ) are not significantly different from those in controls. As is also evident, there is a marked prolongation of the QT intervals, a significant decrease in the amplitude, and a pronounced widening and slowing of the transient repolarizing wave in the Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals ( Figure 6D ). In all animals, QT intervals were correlated with heart rates, and QT intervals in the Kv4.2W362FϫKv1.4
Ϫ/Ϫ mice are longer than those of the Kv4.2W362F-expressing animals over a wide range of heart rates ( Figure 6E ). When QT intervals were corrected for heart rate (QTc), the differences between Kv4.2W362Fϫ Kv1.4
Ϫ/Ϫ and Kv4.2W362F transgenic animals remained highly significant ( Figure 6F ). In contrast to the effects on QT (QTc) intervals, no differences in PR intervals were observed in wild-type (33.7Ϯ0.9 ms, nϭ6), Kv1. Figure 7B ) was also observed in 2 of these 5 animals and was evident in 2 of 21 and 3 of 22 episodes recorded, respectively. In contrast to these observations, there was no evidence of atrioventricular block in any of the wild-type (nϭ6) or Kv1.4 Ϫ/Ϫ (nϭ6) mice monitored. In 2 of the 5 Kv4.2W362F-expressing mice, Mobitz type I second-degree atrioventricular block was detected and was only seen in 2 of 22 recording episodes in each animal. In addition, ventricular tachycardia was observed in (2 of 22 and 3 of 22 episodes recorded from) 2 of the 5 Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals ( Figure 7C ). In this example, the arrhythmia may reflect isorhythmic dissociation given that the R-R interval does not change significantly. No evidence of spontaneous ventricular arrhythmias has ever been obtained in wild-type, Kv1.4
, or Kv4.2W362F-expressing mice.
Discussion
Upregulation of Kv1.4 Underlies the Electrical Remodeling in Kv4.2W362F Transgenic Mice
The goals of the experiments here were to test directly the hypothesis that upregulation of Kv1.4 underlies the elec- Ϫ/Ϫ ( Ⅺ ) animals (nϭ5 to 6) are plotted as a function of heart rate in panel E. Average QT intervals and heart rates in each 3-minute recording episode were determined, and each point is represented. In all animals, QT intervals are correlated with heart rates, and the difference between Kv4.2W362F-expressing and Kv4.2W362FϫKv1.4 Ϫ/Ϫ mice is evident over a wide range of heart rates. F, QTc intervals for each animal were obtained by averaging the measured QTc intervals in a total of 21 to 22 episodes. QTc intervals in Kv4.2W362F-expressing and Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals are significantly (*PϽ0.001) longer than in either wild-type or Kv1.4 Ϫ/Ϫ animals. In addition, QTc intervals are significantly (#PϽ0.001) longer in Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals than in Kv4.2W362F-expressing animals. It has recently been reported that myocardium-specific expression of an N-terminal fragment of Kv4.2 ␣ subunit (Kv4.2N) results in dilated cardiomyopathy in adult mice. 18 These observations prompted us to explore in detail the phenotypic consequences of Kv4.2W362F expression alone, as well as Kv4.2W362F in the Kv1.4
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Ϫ/Ϫ background. Histological and echocardiographic studies revealed no evidence of left ventricular hypertrophy, chamber dilation, or contractile dysfunction in Kv4.2W362F-expressing or Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals. With respect to structure and function, therefore, the experiments completed here demonstrate that the Kv4.2W362F-expressing animals (which lack I to, f ) and the Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals (which lack both I to, f and I to, s ) are phenotypically normal; only the electrical properties of the hearts of these animals are affected. These findings suggest that the dilated cardiomyopathy seen in the Kv4.2N-expressing transgenic animals does not reflect the attenuation of I to, f , as previously suggested. 18 There are certainly other possible interpretations of the rather profound effects of Kv4.2N expression reported by Wickenden et al, 18 including a direct toxic effect of the Kv4.2N transgene. It is of interest to note here also that I to, s and the expression level of Kv1.4 are upregulated in a variety of cardiovascular disease states, such as myocardial infarction. 24 The findings that the hearts of Kv4.2W362F-expressing (in which Kv1.4 is upregulated), Kv1.4
, and Kv4.2W362FϫKv1.4
Ϫ/Ϫ (both of which lack Kv1.4) mice are indistinguishable from wild-type animals, however, clearly demonstrate that changes in Kv1.4 expression in mice do not cause and need not be associated with pathology.
Functional Consequences of Elimination of I to, f and I to, s
Consistent with the absence of I to, f and I to, s , action potentials recorded from Kv4.2W362FϫKv1.4 Ϫ/Ϫ ventricular cells are prolonged significantly relative to action potentials in wildtype and Kv4.2W362F-expressing ventricular cells. In addition, early afterdepolarizations were observed in some of the Kv4.2W362FϫKv1.4
Ϫ/Ϫ cells. The elimination of both I to, f and I to, s also results in more profound prolongation of the QT intervals compared with Kv4.2W362F-expressing transgenic animals. Interestingly, the transient repolarizing wave, which is the dominant repolarizing vector in the ECGs of adult wild-type mice, is significantly reduced and slowed in Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals. By assessing ECGs and response to selective K ϩ channel blockers, Wang et al 25 recently demonstrated that the 4-AP-sensitive K ϩ currents (I to, f , I to, s , and I K, slow ), which underlie the spatial heterogeneity of action potential configurations in mouse ventricle, 17 contribute to the transient repolarizing wave in ECGs recorded from adult mice. The decrease in the amplitude and the slowing of the transient repolarizing wave in the ECGs of Kv4.2W362FϫKv1.4
Ϫ/Ϫ mice, therefore, likely reflect the (almost) complete absence of transient outward K ϩ currents (I to, f and I to, s ) and the loss of the normal heterogeneities in repolarization in these animals.
In contrast to the effects of expression of Kv4.2W362F 14, 17 or the deletion of Kv1.4 16 alone, elimination of both I to, f and Ϫ/Ϫ mouse. The asterisk indicates the QRS complex that was generated by the subsidiary pacemaker. C, Recording of 7-beat run of ventricular tachycardia/isorhythmic dissociation in a Kv4.2W362FϫKv1.4
Ϫ/Ϫ mouse. Note the wider QRS complex and the atrioventricular dissociation. Sinus heart rate is Ϸ660 bpm, and rate of ventricular tachycardia is 715 bpm. Ventricular tachycardia/isorhythmic dissociation was detected in 3 of the 22 recording episodes obtained from this animal. I to, s in Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals produces profound electrocardiographic abnormalities. Mobitz type I seconddegree atrioventricular block, for example, was observed in 4 of the 5 Kv4.2W362FϫKv1.4
Ϫ/Ϫ mice. In addition, in 2 of these animals, higher-degree atrioventricular block was evident. Spontaneous ventricular tachycardia was also observed in 2 (of the 5) Kv4.2W362FϫKv1.4
Ϫ/Ϫ mice studied. These observations suggest that the upregulation of Kv1.4 ␣ subunit (and I to, s ) protects the mouse heart from the arrhythmogenic effects of loss of I to, f in Kv4.2W362F-expressing animals and that elimination of (most of) this upregulated I to, s in Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals results in dramatic electrophysiological consequences.
Atrioventricular block has also recently been reported in KvLQT1-deficient transgenic mice, demonstrating the functional importance of KvLQT1 K ϩ channels in murine atrioventricular conduction. 26 Nevertheless, the molecular mechanism responsible for the development of atrioventricular block in the Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals remains unclear. The finding that atrioventricular block is only prominent in the Kv4.2W362FϫKv1.4
Ϫ/Ϫ animals suggests that electrical remodeling (ie, upregulation of I to, s ) may also occur in the (atrioventricular) conducting system in Kv4.2W362F-expressing mice. If this interpretation is correct, the upregulation of I to, s in AV nodal cells is protective, and elimination of both I to, f and I to, s significantly interrupts atrioventricular conduction. Clearly, experiments aimed at detailing the electrophysiological properties of voltage-gated K ϩ channels, especially the I to, f and I to, s channels, in the murine atrioventricular conduction system will be of great interest.
